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Abstract 

 

Hydrothermally synthesised K2ZnSi5O12 has a polymerized framework structure with the 

same topology as leucite (KAlSi2O6, tetragonal I41/a), which has two tetrahedrally 

coordinated Al3+ cations replaced by Zn2+ and Si4+. At 293K it has a cation-ordered 

framework P21/c monoclinic structure with lattice parameters a = 13.1773(2)Å, b = 

13.6106(2)Å, c = 13.0248(2)Å,  = 91.6981(9)°. This structure is isostructural with 

K2MgSi5O12, the first cation-ordered leucite analogue characterised. With increasing 

temperature, the P21/c structure transforms reversibly to cation-ordered framework 

orthorhombic Pbca.  This transition takes place over the temperature range 848-863K where 

both phases coexist; there is an ~1.2% increase in unit cell volume between 843K (P21/c) and 

868K (Pbca), characteristic of a first-order, displacive, ferroelastic phase transition. 

Spontaneous strain analysis defines the symmetry- and non-symmetry related changes and 

shows that the mechanism is weakly tricritical; the two-phase region is consistent with the 

mechanism being a strain-related martensitic transition. 

 

Keywords. Displacive phase transitions. Rietveld method. Leucite structure-type. High-

temperature X-ray powder diffraction. DSC thermal analysis. Spontaneous strain 

analysis. 
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1. Introduction 

1.1. Leucite- pollucite crystal structures 

The crystal structure of the anhydrous mineral leucite, ideally KAlSi2O6, consists of a three-

dimensional, tetrahedrally coordinated silicate framework in which one third of the 

tetrahedral sites (T-sites) has Al replacing Si, with the polymerized framework consisting of 

linked four-, six-, and eight-membered rings of TO4 tetrahedra. There are two types of 

channels in this framework structure; the larger (W) channels are occupied by extra-

framework K+ cations, whereas the smaller (S) channels are vacant.  The hydrated zeolite 

mineral analcime (NaAlSi2O6.H2O) has a tetrahedral (Si,Al)O4 framework structurally similar 

to that of leucite and most samples have been refined as cubic  (e.g., Ferraris et al., 

1972) with Na in the S sites and H2O in the larger W sites; analcime is the prototype 

(‘aristotype’) for the ideal  ANA framework structure (Baerlocher et al., 2001).  At 

room temperature the space group of natural leucite is I41/a tetragonal (Mazzi et al., 1976). 

Most natural pollucites have Cs-rich compositions (e.g., Teertstra and Černý, 1995) in the 

solid solution series pollucite (CsAlSi2O6) – analcime (NaAlSi2O6.H2O) with Cs and H2O 

located in the W site and Na in the S channels. Natural pollucites have a cubic (Beger, 

1969) or pseudo-cubic  structure (e.g., C2/c, Kamiya et al., 2008), topologically 

identical to that of I41/a leucite. The synthetic end-member CsAlSi2O6 pollucite was originally 

reported to be  at room temperature based on laboratory powder XRD studies (Taylor 

and Henderson, 1968; Torres-Martinez and West, 1989; Yanase et al., 1999), however, later 

papers reported a I41/a structure based on synchrotron powder XRD or high resolution 

neutron powder diffraction studies (Xu et al., 2002; Palmer et al., 1997).  The boron analogue 

CsBSi2O6 occurs as the natural mineral kirchhoffite; this is reported to have the tetragonal 

space group I41/acd (Agakhanov et al., 2012) with the same framework topology as leucite 

and pollucite except that B and Si are ordered onto different T-sites which perhaps reflects 

their different fourfold ionic radii B3+ 0.11 Å, Si4+ 0.26 Å (cf. Al3+ 0.39 Å) (Shannon, 1976).  

Because of their macroscopic properties, minerals having leucite/pollucite framework 

structures are of technological interest with pollucites acting as potential storage materials for 

Cs radioisotopes in nuclear waste, while pollucites and leucites have found applications in 

glass ceramics and as dental porcelains (e.g., Gatta et al., 2009; Hogan and Risbud, 1991; 

Cesar et al., 2005). The functional property of these materials is related to the presence of 

channels containing large alkali cations within the framework structure, formed by six-rings 

of tetrahedra aligned along the crystallographic [111] direction; these are the ‘so-called’ 

percolation channels which are believed to control the properties of diffusion. ion 

conductivity, and molecular sieving in zeolite-type materials and glasses (Zharadyik et al., 
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2020; Holakovsky et al., 2006; Jones et al., 2010). Thus, while these minerals are 

conventionally classified as feldspathoids (Deer et al., 1966; 2004), they also are considered 

to be members of the zeolite structure type (Coombs, 1977). 

The general formula for leucite, pollucite and other synthetic anhydrous leucite 

analogues is AY3+Z2O6, in which A is a monovalent alkali metal cation (K, Rb, Cs), Y is a 

trivalent cation (Al, B, Fe3+, Ga) and Z is a quadrivalent cation (Si, Ge) (e.g., Taylor and 

Henderson, 1968; Torres-Martinez and West, 1989; Palmer et al., 1997; Martucci et al., 

2011). It is also possible to have topologically equivalent leucite structures where one sixth of 

the T-sites is occupied by divalent cations; such dry-synthesized leucite/pollucite analogues 

have a general formula A2X2+Z5O12, in which X is a divalent cation (Be, Mg, Mn, Fe2+, Co, Ni, 

Cu, Zn, Cd) and Z is a quadrivalent tetrahedral cation (Si, Ge, Ti) (e.g., Roedder, 1951; Bayer, 

1973; Torres-Martinez and West, 1989, 1984; Kohn et al., 1991, 1994; Bell et al., 1994, 2010; 

Henderson et al., 1998, 2017). All of these compounds are known to occur with room 

temperature crystal structures having either cubic , cubic  or tetragonal I41/a 

space groups with disordered framework cation T-sites.  Note that powder diffraction patterns 

for cubic  and  for the same compound would be very similar, and our earlier 

work (Henderson et al., 2017) showed that refining the powder XRD data set for dry-

synthesized K2MgSi5O12 using both space groups gave very similar statistical parameters for 

the fit qualities; it was concluded that much higher resolution in Q on better crystallized 

samples would be required to resolve this situation for this disordered cubic leucite.  

 

We have also used hydrothermal synthesis methods to obtain lower symmetry phases 

with a leucite/pollucite framework topology which has ordered framework T-site cations; 

these have the formula A2X2+Si5O12 with K, Rb or Cs in A and Mg, Fe, Mn, Co, Ni, Cu, Zn or 

Cd substituting for Si in X (see Henderson et al. 2017 for a summary of such samples). Initial 

room temperature, laboratory powder XRD studies suggested that hydrothermally synthesized 

K2MgSi5O12 had symmetry lower than tetragonal but Kohn et al (1991) used magic angle 

spinning 29Si NMR to show the presence of 10 Si peaks which together with two tetrahedral 

Mg atoms confirmed a formula with 12 T sites in a 24 oxygen unit cell. Later multi-technique 

work showed that such phases are either monoclinic P21/c (A = K) or orthorhombic Pbca (A 

= Rb or Cs) at room temperature.  For example, we used synchrotron X-ray powder 

diffraction, together with electron diffraction (in a TEM fitted with a liquid-nitrogen-cooled, 

double-tilt sample holder), and 29Si magic-angle spinning NMR, to determine the structures of 

P21/c monoclinic K2MgSi5O12 (Bell et al. 1994a) and Pbca orthorhombic Cs2CdSi5O12 (Bell et 

al., 1994b).  In addition, high-resolution synchrotron and neutron powder diffraction methods 

were used to establish that Cs2CuSi5O12 has a Pbca structure (Bell et al. 2010); the neutron 
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diffraction data provided more reliable oxygen coordinates for this sample.  Note that P21/c is 

a maximal, non-isomorphic sub-group of Pbca.  Over the years, the data for Cs2CdSi5O12 and 

K2MgSi5O12 have provided a firm foundation for determining the structures of orthorhombic 

Pbca and monoclinic P21/c leucite analogues using either synchrotron (e.g., Bell et al., 1994) 

or laboratory-based (e.g., Bell et al., 2018) XRD methods. We have also recently shown that 

leucite analogues containing two different extra-framework cations with formulae 

RbCsX2+Si5O12 (X = Mg, Ni, or Cd), have Pbca orthorhombic structures with Rb and Cs 

ordered into separate sites (Bell and Henderson, 2019).  

 Hydrothermal crystallization of framework silicate generally results in well 

crystallized products with narrower diffraction peaks than starting materials crystallized in 

air.  In various papers we have reported the synthesis of both dry and hydrothermally 

crystallized samples from the same starting material crushed glass or powdered gel: e.g., 

K2MgSi5O12 (Bell et al., 1994a); Cs2CuSi5O12 (Bell et al., 2010); K2CoSi5O12 (Bell and 

Henderson, 2018).  In the case of the apparent ‘polymorphism’ shown by K2MgSi5O12 it was 

concluded earlier that the charges and sizes of Mg2+ (as opposed to Al3+) are sufficiently 

different from those for Si4+
  to ensure that the fully-ordered monoclinic phase is formed 

relatively rapidly, driven by the catalytic effect of water in the hydrothermal experiment (Bell 

et al., 1994a; Henderson et al., 1995); Kohn et al. (1994) mainly used robust, multi-nuclear 

MASNMR results to report similar suggestions for P21/c and Pbca leucite analogues with 

Mg, Zn or Cd as the divalent cation in the framework.  Thus, for A2X2+Si5O12 leucites the 

P21/c and Pbca phases are believed to be the thermodynamically more-stable forms for this 

compound with the cubic  phases being stranded metastable forms at room temperature 

and pressure (Kohn et al., 1994; Bell et al., 1994a; Henderson et al., 1995).  While preparing a 

large sample (50 g) of cubic  K2MgSi5O12 recently for an ongoing neutron diffraction 

study, one of us (CMBH) found that crystallizing finely powdered starting-material glass in 

air at 1073 K for 5 days gave a single-phase cubic product with a very small background 

hump due to a residual glassy phase.  This sample was reheated at 973 K for 21 days in an 

attempt to reduce the amount of residual glass, but this produced a second phase which could 

be matched to the presence of a small amount of the monoclinic polymorph.  Reheating the 

sample at 1173 K for 11 days transformed the sample to a poorly crystallized P21/c 

monoclinic phase confirming that at these temperatures the ordered phase is indeed the 

thermodynamically more-stable form of K2MgSi5O12.  It seems clear that the hydrothermally 

crystallized low-symmetry forms of Cs2CuSi5O12 and K2CoSi5O12 are also more stable than 

their dry-crystallized cubic forms. In turn, it is likely that most of the published reports of 

syntheses of disordered, cubic divalent cation leucites of stoichiometry A2X2+Si5O12 (e.g., 
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Bayer, 1973; Torres-Martinez et al., 1984; Yanase et al., 1999) are likely to represent 

metastable phases. 

 

1.2. Leucite structure, thermally driven displacive phase transitions. 

Phase transitions from I41/a (point group 4/m) tetragonal to  (point group m3m) cubic 

structures have been observed as the temperature increases in natural leucite and synthetic 

leucite analogues, and it was concluded that the phase transition in KAlSi2O6 leucite is 

second-order, displacive, rapid, reversible and continuous (Taylor and Henderson, 1968; 

Lange et al., 1986; Palmer et al., 1989, 1990, 1997; Carpenter et al., 1998). XRD and DSC 

studies suggest that an intermediate I41/acd tetragonal phase occurs between I41/a and 

(Lange et al., 1986; Palmer et al., 1990; Newton et al., 2008). A phase transition from 

 cubic to  cubic has been reported in the synthetic boron-bearing leucite KBSi2O6 

on heating (Martucci et al., 2011). The leucite analogue KGaSi2O6, is isostructural with 

KAlSi2O6 and also shows a I41/a tetragonal to  cubic phase transition over the 

temperature range 673-970K but this is believed to be an unquenchable, displacive, first-order 

transition (Bell and Henderson, 2020).  In addition, an unquenchable, displacive, first order 

phase transition from P21/c monoclinic to Pbca orthorhombic was observed on heating the 

hydrothermally-synthesized, leucite analogue K2MgSi5O12 (Redfern and Henderson, 1996).  

Note that the transitions for both KGaSi2O6 and  K2MgSi5O12 are smeared out over a range of 

temperatures with the low- and high-temperature polymorphs coexisting to define ‘regions of 

coexistence’ (Henderson and Taylor,  1982); both of these transitions show clear, positive 

volume discontinuities (∆Vs). Such features point to first order phase transitions that might 

have martensitic mechanisms (Henderson and Taylor, 1982; Bell and Henderson, 2020).  

Finally, a high temperature synchrotron X-ray powder diffraction study on Cs2ZnSi5O12 (Bell 

and Henderson, 2012) showed a reversible phase transition from Pbca orthorhombic to  

cubic, this was the first reported leucite phase transition showing a change from ordered to 

disordered T-site cations.   

It is clear that synthetic analogues of the leucite/pollucite group show a multiplicity of Space 

Groups (including I41/a, I41/acd, , , Pbca, P21/c); all of these are isotropy 

subgroups of the  aristotype (Stokes and Hatch, 1988) and can be considered to have a 

pseudo-cubic  structure (Henderson et al., 2017). A universal aristotype crystal structure 

for such phases has recently been determined by using a non-linear optimisation of the 

fractional coordinates (Knight and Henderson, 2019). 

 We have recently published room-temperature structures for P21/c leucite analogues 

having the stoichiometry K2XSi5O12 (where X = Fe2+, Co, Zn) and predicted that these should 
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show phase transitions to Pbca high-temperature polymorphs at ~ 700 K (Bell and 

Henderson, 2018).  In the present paper we report high-temperature powder XRD results for 

the P21/c K2ZnSi5O12 leucite analogue and use calculated spontaneous strain parameters to 

discuss the mechanism of the phase transitions for both this sample and the equivalent 

K2MgSi5O12 leucite analogue (Redfern and Henderson, 1996). In addition, we provide 

estimates of the heats of transition for the P21/c to Pbca phase transitions in two samples of 

monoclinic K2ZnSi5O12 and for the equivalent K2MgSi5O12 leucite analogue. 

 

2. Experimental methods 

2.1. Sample synthesis 

The K2ZnSi5O12 samples were synthesised (Henderson et al., 2016) from a stoichiometric 

mixture of high purity K2CO3, ZnO and SiO2 (>99.9 % pure).  The mixture was ground under 

acetone for 1 hour and heated overnight in a Pt crucible at 873 K in a standard muffle furnace 

to break down the carbonate.  It was ground again and then heated at 1373 K for 30 minutes; 

the resultant melt was quenched to a glass by dipping the bottom of the Pt crucible in water. 

The glass slug was then crushed to a fine powder (<50 µm) and this served as the starting 

material for synthesis under dry and water-saturated conditions. All of the KZn-leucites were 

prepared from this finely-ground, slightly K-poor, starting material glass (K1.83Zn1.00Si5.05O12, 

see Kohn et al., 1994). Hydrothermally synthesised sample KZS4 was prepared by heating 0.5 

to 0.6 g of finely-ground glass powder plus 1 to 2 wt. % H2O in a sealed gold capsule at 843 

K in a cold-seal pressure-vessel at 50 MPa water vapour pressure for 19 days; using the same 

methods KZS1 was synthesized at 843 K, 50 MPa for 8 days and KZS3 at 741 K, 50 MPa for 

22 days (Kohn et al., 1994). Powder XRD showed that KZS3 and KZS4 are single-phase 

monoclinic P21/c products but that KZS1 also has an impurity, disordered cubic leucite 

component. The monoclinic K2MgSi5O12 (KMS2) was prepared in the same way at 873 K, 50 

MPa for 7 days (Kohn et al., 1994); note that analysis of the glass starting material gave a 

composition of K1.97Mg1.01Si5.00O12, very close to the stoichiometric formula. All the 

hydrothermally synthesized KZS and KMS leucites were checked by laboratory XRD 

immediately after synthesis and found to have flat backgrounds consistent with the absence of 

amorphous starting material; in all cases the split peaks suggested that the symmetries were 

lower than cubic. In this paper we will use the names KZn-Lc and KMg-Lc for these sample 

compositions instead of the ideal end-member formulae. 

 

2.2. X-ray powder diffraction 

An earlier ambient temperature study (Bell and Henderson, 2018) on hydrothermally 

synthesised KZn-Lc (KZS4) showed that this sample crystallised in the P21/c monoclinic 

space group with a structure identical to that of the first cation-ordered leucite analogue, 
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hydrothermally synthesised KMg-Lc (Bell et al., 1994a); note however that the glass starting 

material for this sample has 1.83 K atoms p.f.u. rather than the end-member value of 2 atoms 

p.f.u. (see above).  High temperature X-ray powder diffraction (XRD) data were collected on 

this sample using an Anton Paar HTK1200N high-temperature stage mounted on a 

PANalytical X'Pert Pro MPD using Cu Kα radiation, a Ni β filter and a PIXCEL-1D area 

detector.  

 Note that when collecting XRD in this high temperature stage the flat plate sample 

holder is only ~16mm in diameter. To minimise any X-ray scattering from outside the sample 

the beam size defining slits and mask between the X-ray tube and the sample have to be 

smaller than that normally used for ambient temperature XRD measurements done in the open 

air. Therefore, the X-ray flux on the sample will be reduced and the resultant data quality will 

be poorer than normal ambient temperature measurements. 

 Initial high temperature data (run 1) were collected over the angular range 10-100° 2θ 

for 16 temperature steps between 298 and 973 K and cell parameters after cooling the sample 

from 973 K to room temperature were also determined for run 1 (Table 1a). Further high-

temperature data (21 temperature steps, run 2) on the same sample were then collected from 

10-80°2θ between 773 and 973 K; run 2 experiments were carried out over smaller 

temperature steps than those for run 1 to provide a more detailed study of how the phase 

assemblage might change through a phase transition.  Rietveld refinements (Rietveld, 1969) 

using FULLPROF (Rodriguez-Carvajal, 1993) were done for both run 1 and run 2 data. Run 1 

data up to 823 K and run 2 data up to 843 K were single-phase-refined using the P21/c 

monoclinic cation-ordered structure of K2ZnSi5O12 (Bell and Henderson, 2018) as a starting 

model. Run 1 data at 898 and 973 K and run 2 data above 868 K were single-phase-refined 

using a Pbca orthorhombic cation-ordered structure isostructural with Cs2CdSi5O12 (Bell et 

al., 1994b). However, this approach for P21/c structures gave a/c unit cell axis ratios greater 

than 1 while those for Pbca cells were less than 1; this clearly does not match the expected 

result either side of the phase transition.  It is clear that the setting used for Pbca does not 

match that for P21/c and to cope with that inconsistency the highest temperature, single-phase 

atomic coordinates for P21/c were transposed to match those for the lowest temperature 

coordinates for a single-phase Pbca cell.  These were then used as the starting model for the 

high temperature Pbca cells which gave comparable results either side of the phase transition 

with matching cell parameters.  The structural refinements were then carried out as follows.  

 Tetrahedrally coordinated Si-O distances were soft-constrained initially to 1.61(2)Å 

and tetrahedrally coordinated Zn-O distances were soft-constrained to 1.93(2)Å. Scale factor, 

zero point, background, lattice, profile, atomic coordinates and temperature factor parameters 

were refined. Temperatures factors for all sites containing Si were constrained to have the 

same value. Temperatures factors for all sites containing O were also constrained to have the 
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same value (but not the same as Si). For P21/c refinements all four K sites were constrained to 

have the same temperature factor. However, for Pbca refinements the temperature factors for 

the two K sites were allowed to refine freely. For P21/c refinements both Zn sites were 

constrained to have the same temperature factor, however, for Pbca refinements there was 

only one Zn site so the temperature factor for this site was allowed to refine freely.  

Structural refinements for the two-phase regions were more complex. Thus, the run 1 

data at 848 K and 873 K and the run 2 data 848-863 K were refined with two KZn-Lc phases, 

P21/c monoclinic and Pbca orthorhombic. Due to severe peak overlap no atomic coordinates 

or temperature factors were refined for these coexisting phases, only scale factor, zero point, 

background, lattice and profile parameters were refined. For the run 1 two-phase refinements 

the P21/c coordinates and temperature factors were fixed at those from the 823 K refinement 

and the Pbca coordinates and temperature factors were fixed at those from the 898 K 

refinement; the same approach was used for run 2 two-phase refinements. Tables 2a (run 1) 

and 2b (run 2) show the profile fitting parameters for these Rietveld refinements. Note how 

the R-factors and χ2 parameters tend to be larger in the two-phase regions for single-phase 

refinements compared to those for two-phase refinements. For example, the Run 2 (Table 2b) 

mean χ2 parameter for the monoclinic stability field samples (P21/c) is 1.41 ± 0.03 and for the 

orthorhombic (Pbca) samples is 1.48 ± 0.05, compared with χ2 values for P21/c+Pbca,   P21/c, 

Pbca at 853 K of 1.49, 1.52, 1.96 and at 863 K of 1.59, 1.80, 1.62, respectively. 

The Rietveld-refined, high-temperature data provides reliable unit cell parameters and 

phase proportions, and the atomic coordinates for the single-phase-field temperatures provide 

useful information on how the tetrahedral framework shows cooperative rotations as it 

expands with increasing temperature and became more symmetrical around the large cavity 

cations located in the [111] channels (see later VESTA plots). However, we are not able to 

report reliable bond distances and bond angles for the many independent T-sites and cavity-

cation-sites in these framework structures. Thus, Tables 2a and 2b show R-factors of ~20 for 

these refinements. The R-factors for the refinement of the P21/c ambient temperature structure 

of KZn-Lc were ~1 (Bell and Henderson, 2012). This is similar to the results that we reported 

on our high temperature X-ray powder diffraction study on the phase transition in KGaSi2O6 

(Bell and Henderson, 2020). For the KGaSi2O6 leucite sample it was possible to obtain useful 

atomic parameters for the low-temperature tetragonal and high-temperature cubic phases but, 

as mentioned above, this is more difficult for the multi-site, lower symmetry monoclinic and 

orthorhombic KZn-Lc polymorph data reported here.  Thus, the structural interpretations and 

spontaneous -strain analysis reported here for KZn-Lc are based mainly on the phase stability 

relations and on the high-quality unit cell parameters.  
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The crystallite sizes for two samples of KZn-Lc (KZS4 and KZS3), and for the small 

amount of P21/c  KMg-Lc  leucite (KMS2) that was still available for study, were obtained for 

powder samples mounted on silicon wafers which were scanned using an Empyrean 

XRD with Co K X-rays. An identical scan was done for a silicon standard to 

calibrate instrumental peak widths. The PANalytical HighScore Plus automatic 

crystallite size Rietveld program was used to obtain crystallite sizes based on the 

whole powder diffraction pattern, not just a few strong low-angle peaks. The estimated 

room-temperature crystallite sizes are given in Table 3 along with room temperature unit 

cell parameters for the samples studied by DSC. 

The temperature-dependent unit cell parameters for KZn-Lc reported in Table 1 were used to 

investigate the spontaneous strains shown by the ferroelastic monoclinic phase as it 

approaches the phase transition to the orthorhombic paraelastic phase. For these calculations 

we followed the general approach of Carpenter et al. (1998) and that for natural leucite 

KAlSi2O6 (Palmer, 1990) where the strain for a particular unit cell parameter (xT) at a 

particular temperature in the monoclinic phase is defined as  (xT  – x0)/ x0 , where x0 values are 

calculated by linear extrapolations of the high temperature cell parameters for the paraelastic 

orthorhombic phase into the lower temperature monoclinic phase stability field.   Thus a0, b0, 

c0 , β0 and V0 are provided for the monoclinic phases. Figure 1 (below) shows how linear 

extrapolations of the KZn-Lc orthorhombic high temperature values for a, b, c, β and V 

provide estimates for a0, b0, c0, β0, and V0 at the temperatures for the run 1 monoclinic 

polymorphs; note that the fitting equations used are those obtained for the run 2, 

orthorhombic phase cell parameters between 868 and 973 K as only 3 data points are 

available for the run 1 data.  In addition, the temperature data points chosen for the run 2, 

high-temperature orthorhombic phases include only single-phase data points from above the 

phase transition.  We also fitted the temperature variations for orthorhombic phases for 

averages of both run 1 and run 2 data; these gave different coefficients to those obtained for 

run 2 data alone, but the strain parameters calculated provided overlapping data points for all 

parameters (except for b which shows very small changes with temperature) on the diagrams 

discussed in the results section. Note that the cell parameter ‘strains’ calculated will reflect 

errors involved in the estimation of x0 values with the largest errors occurring at the 

temperatures furthest from the phase transition. The a0, b0, c0 and V0 values for KMg- Lc were 

obtained in a similar way from the parameters reported in Table 1, Redfern and Henderson 

(1996); Henderson (2021) has already made a preliminary study of the spontaneous strains for 

the KMg-Lc data in a review of composition, thermal expansion and phase transitions in 

framework silicates. 
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2.3. Thermal analysis  

A Netsch STA (Simultaneous Thermal Analyzer) 409PG Luxx®) was used to collect 

Differential Thermal Analysis (DTA) data on a sample of KZS4. 100mg of powder was 

loaded into an Al2O3 sample cup, the sample was heated at 10K/minute over the temperature 

range 303-1554K, and under a flow of air at 40 ml/minute. From the temperature difference 

between KZn-Lc powder and an empty Al2O3 sample cup a DTA trace was plotted; this 

showed a weak endothermic effect at ~ 860-870 K.  A TGA scan was performed 

simultaneously with the DTA; this showed a weight loss of ~ 0.2 wt % up to 400 o C 

however, weight data values at higher temperatures were unreliable reflecting the very 

small change in mass; unfortunately, no further sample was available to assess 

repeatability. 

A more informative thermal analysis study was subsequently carried out by Differential 

Scanning Calorimetry (DSC) using a Perkin Elmer DSC8000 system. This equipment has a 

double furnace mode so that the heat flow change at the sample against that on the reference 

material is continually monitored. Samples were analysed using crimped Al capsules that 

were pierced with a syringe needle to allow venting; note that Al melts at 660oC (933 K) 

which restricts the top temperature for the DSC analyses to ~ 883 K .   20 to 30 mg 

(accurately weighed) of powdered sample were heated at a rate of 10K/min or 20K/min over 

the temperature range 523 to 883K.  The reference to the sample was an empty, crimped and 

pierced Al capsule.  Both sample and reference were purged with nitrogen gas using a flow 

rate of 40 ml/minute. The instrument was calibrated for temperature and sensitivity using 

indium and zinc standards, and the standard procedure within the PyrisTM software. We found 

that the α-β quartz phase transition occurs at 852 K with a ∆H of 5.5 J/g compared with a 

suggested value of 6.0 J/g for a finely ground powder at 848 K (Ghiorso et al., 1979).  

 For the leucite samples studied we found that the low heat changes were difficult to 

discern above the baseline on the first DSC heating experiments because the samples showed 

complex heat effects. The temperature ranges for the thermal properties are given in Table 3 

together with estimated heats of transition (∆Htransition) determined from DSC scans following 

the method of Lange et al. (1986). 

  

 

3. X-ray powder diffraction results and discussion. 

3.1. Thermal expansion characteristics and phase relations for KZn-Lc 

The unit cell parameters for KZn-Lc (sample KZS4) at temperatures from 298 to 973 K (run 

1) are given in Table 1a and Figure 1 shows how these refined lattice parameters vary with 
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temperature; note that the first row gives the original unit cell parameters at room temperature 

determined using synchrotron radiation (Bell et al. 1994a) while data in rows 2 and 3 give cell 

parameters determined in the heating cell before and after run 1 heating experiments. Table 2a 

shows how the background subtracted Rwp, Rp, Rexp and χ2 parameters from Rietveld 

refinements vary with temperature. For comparison, Figure 1 also shows equivalent 

parameters from Redfern and Henderson (1996) for monoclinic KMg-Lc.  For the KZn-Lc run 

1 data, the a and c parameters (Figure 1a) show little significant change between 294 and 373 

K but then have steadily increasing expansion rates up to ~ 650 K and then both show a 

slightly greater rate of increase up to 870 K.  The b parameters initially show little significant 

change up to 600 K followed by a slight decrease to 870 K (Figure 1a).  At the highest 

temperatures the monoclinic a parameter is only slightly smaller than that for b (b/a ~ 1.006 

at ~850 K). All three cell edges then show a step up to higher values at ~ 870 K for the 

orthorhombic structures, and then only small increases up to the highest temperature studied 

(973 K). The β angle (Figure 1d) shows a small decrease up to 573 K followed by a better 

defined and faster decrease up to 778 K and then from 898 K the orthorhombic β parameters 

are plotted at 90o.  For run 1, the cell volumes (Figure 1c) show little change up to 373 K 

followed by steadily increasing values up to 848 K and then a step up to the volumes for the 

orthorhombic phases.  It is clear that the monoclinic to orthorhombic transition is 

characterised by a small positive ∆V.  On cooling, the transition is reversible returning the 

room temperature cell edges to values close to but slightly smaller than those determined at 

room temperature before heating (see Table 1a). This is consistent with the P21/c to Pbca 

being a displacive transition similar to that for KMg-Lc leucite (Redfern and Henderson, 

1996).  

 Figure 2 shows how the positions of the 004, 040 and 400 Bragg reflections in KZn-

Lc move to lower 2θ values over the temperature range 833-878K as the crystal structure 

transforms from P21/c monoclinic, through the 2-phase region, to Pbca orthorhombic. More 

detailed Rietveld refinement results for the KZn-Lc sample are provided in Figure 3 and show 

clear differences reflecting the phase stability changes. This figure shows difference plots for 

XRD data collected at 803, 868 and 893 K with the full diffraction pattern given in the left-

hand panels and the main (400) suite of peaks over the range 25.5 to 28.0 o2Ɵ given in the 

right-hand panels.  Thus, at 803 K (Figure 3 a and b) only a monoclinic phase is present and 

the three principal axes (040, 400 and 004) are well resolved and have symmetrical shapes. 

The shoulder on the high angle flank of the peak at ~ 27 o2Ɵ is due to weaker Bragg 

reflections which are not part of the main (400) suite of peaks for this monoclinic phase; note 

the absence of a clear peak at ~27.3 o2Ɵ at this temperature. At 858K two phases are present 

and the first peak in Figure 3d is now broader than before with a shoulder about 2/3 of the 

way up the low 2Ɵ flank which can be assigned to the (040) peak for an orthorhombic phase 
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(denoted (040)o).  The crest of this broad peak has a complex form which is explained by the 

existence of three overlapping Bragg reflections, namely (040)m (m = monoclinic), (004)o, 

(400)m, in that order. Note that the Miller indices assigned here are based on the model P21/c 

and Pbca structures which have reversed a and c parameter values. The peak at ~ 26.7 o2Ɵ 

appears to be asymmetric consistent with it having two components, namely (400)o and 

(004)m.  There is now a clear peak at ~27.3 o2Ɵ, which is not part of the main (400) suite of 

peaks, consistent with the presence of an abundant orthorhombic phase in the mixture.  At 

893 K only an orthorhombic phase is present, but the first strong peak (Figure 3f) is formed 

by the overlapping (040)o and (004)o reflections. The peak at ~27.3 o2Ɵ is now stronger and 

narrower than that at 863 K consistent with the orthorhombic phase being the only component 

present above the phase transition. Even though peak overlap is more serious for the mixed 

phases in this ‘region of coexistence’, the Rietveld refinement gives reliable proportions for 

the two coexisting phases (Tables 1a and 1b); indeed, the proportion of the monoclinic phase 

(y) decreases steadily with increasing temperature with a linear fit defined by y = -0.0357 x T 

(K) +31.143 (R2 0.96).  We conclude therefore that our data for KZn-Lc show the same two-

phase characteristics for the phase transition as found for the higher resolution KMg-Lc data 

(Redfern and Henderson, 1996). 

 VESTA plots (Momma and Izumi, 2011) at temperatures chosen to demonstrate the 

framework changes through the phase transition are given in Figure 4 for KZn-Lc at 773 K 

(monoclinic single phase), 843 K (monoclinic just below the region of coexistence), 

868 K (orthorhombic just above the region of coexistence) and 973K (orthorhombic 

single phase); these plots show the central [111] channel of the leucite crystal 

structure containing K+ cations. Note how the central channel (effectively the cavity 

cation percolation channel) changes with increasing temperature due to a cooperative 

rotation of linked tetrahedra. This is particularly apparent over the phase transition 

from P21/c monoclinic to Pbca orthorhombic corresponding to the expansion of the 

unit cell over the transition. Note that this channel is more symmetrical for the 

orthorhombic polymorph at 973 K than for the monoclinic polymorph at 773 K 

reflecting a trend towards a more pseudocubic high-temperature structure (i.e., the b/c 

ratio at 773 K is 1.025 compared to 1.015 at 973K). 

Data for the temperature dependences of the unit cell parameters for monoclinic 

KMg-Lc (Redfern and Henderson, 1996) are also shown here in Figure 1 b, c and d.  The 

trends are very similar to those described here for KZn-Lc; both samples show very similar 

values for all parameters and similar rates of change with increasing temperature reflecting 

the similar sizes of the divalent Zn and Mg cations in tetrahedral coordination (0.60 and 0.57 

Å, respectively; Shannon, 1976); both KZn-Lc and KMg-Lc analogue leucites have unit cell 
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parameters b >> a > c. However, note that KMg-Lc shows a wider difference between the b 

versus a and c parameters at the phase transition with a b/a ratio of 1.021 compared with a 

value of 1.006 for KZn-Lc (cf. b/c 1.028 and 1.017, respectively).  This is clearly related to 

the former showing the phase transition at a much lower temperature (~ 650 K) compared 

with ~850 K for KZn-Lc (see Section 3.3). Redfern and Henderson (1996) pointed out that, as 

temperatures increased, the orthorhombic cell parameters for KMg-Lc tended to converge 

towards a higher symmetry structure.  For example, the b/a ratio would extrapolate to 1.0 at ~ 

1000 K.  Redfern and Henderson speculated that a tetragonal phase with space group Ibca 

would be a possible polymorph but stressed that it would have disordered T sites. They also 

suggested that leucite analogues with a ZnSi5O12 framework might show an order-disorder 

relationship at a phase transition. Indeed, Bell and Henderson (2012) reported such an order-

disorder reversible transition in the Cs2ZnSi5O12 leucite analogue consistent with much faster 

Zn-Si tetrahedral exchange kinetics than for Mg-Si (also see Kohn et al., 1994).  We have 

shown for the monoclinic KZn-Lc leucite analogue that the b/a ratio has decreased to 1.006 at 

~850 K and extrapolation of this trend for the Run 2 experiments suggests that b and a would 

have merged at ~ 873 K. If the transition to T-site ordered orthorhombic Pbca had not 

occurred, we speculate here that the transition might have been to a hypothetical disordered 

Ibca structure and ultimately to cubic disordered Ia-3d at an even higher temperature. 

To return to known leucite analogue structures, Redfern and Henderson (1996) 

pointed out that the phase transition for KMg-Lc showed the coexistence of both monoclinic 

and orthorhombic polymorphs over a small range of temperature (~ 25 K). For that work a 

Guinier X-ray camera (Huber; monochromatic CuKα1 radiation) was used to study the KMg-

Lc sample and the higher resolution of this equipment provided reliable evidence for the 

coexistence of two phases (see Redfern and Henderson, their Figure 4). The run 2 

experiments on KZn-Lc reported here were carried out at smaller temperature steps through 

the phase transition than for run 1 in order to establish if both phases coexisted over a 

temperature range between the beginning and end of the transition similar to that reported for 

KMg-Lc; run 2 experiments also allow a clearer temperature range for the phase transition to 

be established. These data are given in Tables 1b and 2b and are shown in Figure 1 with 

different symbols to those for run 1 data. It is clear that the data sets of unit cell parameters 

for run 1 and run 2 agree within experimental error. Thus, even though the run 1 room 

temperature cell edges are smaller after the heating experiments than before, this has not 

affected the high temperature physical properties of this sample (KZS4-A). Thus, for both 

runs 1 and 2, the a and c parameters show steady increases and b steady decreases with 

increasing temperature up to ~ 870 K (Figure 1a).  Above 870 K the orthorhombic phases all 

have lattice parameters displaced to higher values than the monoclinic trend; the 

orthorhombic lattice parameters show only a small increase with increasing temperature. Note 
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that lattice parameters at temperatures from 848 to 863 K are shown for both the coexisting 

monoclinic and orthorhombic polymorphs but peak overlaps inevitably lead to less reliable 

parameters for the ‘mixed’ phases, especially for the orthorhombic cells (Figure 1a) ; however, 

these cell-parameter ‘shifts’ are not random and are predictable based on the monoclinic 

phase having lower a, b, c, V and higher β than the equivalent orthorhombic phase at the 

transition temperatures. As expected, the β angle (Figure 1d) and volume (Figure 1c) show 

clear discontinuities between the monoclinic and orthorhombic phases, with the volume trend 

having a positive volume discontinuity (∆V) of ~ 1.2 %. 

  

 

3.2 Heat effects associated with the phase transition in KZn-Lc and KMg-Lc. 

3.2.1 Thermal effects observed for KZn-Lc samples.   An initial DTA scan of a 

powdered sample of KZn-Lc (KZS4) was obtained over the temperature range 294-1281K.  

This scan (Figure 5a) shows a weak endothermic feature smeared out over a temperature 

range from about 855 to 880 K which can clearly be matched to the P21/c to Pbca phase 

transition observed by high-temperature powder XRD study.  In order to study the heat effects 

associated with the phase transition in more detail, preliminary DSC were carried out with a 

new aliquot of powdered KZS4 which had not been reheated since its original synthesis 

(denoted KZS4-A).  The results for the temperature ranges over which thermal effects were 

observed and for the heats of transition observed for endothermal peaks are summarized in 

Table 3 and DSC scan for key runs are shown in Figure 5b, 5c and 5d.  The first scan of the 

KZn-Lc sample (KZS4-A, scan 1) shows complex, sinuous undulations over the temperature 

ranges 834-840 K and 867-873 K which might be related to a series of exothermic and 

endothermic effects (see top scan in Figure 5b).  The same sample was scanned again after 43 

hours at room temperature (KZS4-A scan 2; see middle scan Fig. 5b); this showed a fairly 

symmetrical endothermic effect over the range 867-875 K with a ∆H of 0.80 J/g (equivalent 

to a value of 380 J/mol on the basis of the simplest molecular formula for KZn-Lc (MW 

476.04) with 12 oxygens) (Table 3). It is clear that initial heating of the sample in the DSC 

caused some change in the sample so that the later scans with the same sample show much 

simpler thermal behaviour that allow the heat of the monoclinic to orthorhombic transition to 

be estimated from the area defined by the endothermic feature (denoted ∆Htransition).  In order 

to assess this effect further the KZS4 sample that had been used in the high-temperature XRD 

experiments (HT XRD) was scanned in the DSC (denoted KZS4-B here).  For this 

experiment, a clear endothermic effect over the temperature range 869-876 K is the only 

thermal feature present (see lower scan in Figure 5b); this feature defines a ∆Htransition of 1.58 

J/g (752 J/mole) (Table 3) but repeat scans showed significant changes in the shape of the 

DSC base-line leading to variable ∆H values. After 13 weeks at room temperature and 
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following adjustments to the DSC data collection conditions, KZS4-B, scan 2 provided the 

highest ∆Htransition observed for this compound with a value of 3.65 J/g (1.74 kJ/mole) (Table 

3, Figure 5c). 

 Two other hydrothermally synthesized samples of KZn-Lc leucite were also available 

for study but it was found that new powder XRD scans at room temperature for one sample 

(KZS1) had both ordered monoclinic and disordered cubic phases present; this sample was 

not studied further here.  However, new powder XRD scans for the second sample (KZS3, see 

section 2.1) showed that it is a single phase monoclinic analogue. Note that the room 

temperature cell parameters and crystallite sizes for unheated samples of KZS4 and KZS3 are 

the same within experimental error (Table 3). The first DSC scan for KZS3 (KZS3-A) did not 

show the complicated exothermic/endothermic features of KZS4-A on the first heating; 

instead, it gave a very weak endothermic feature, over the temperature range 861-872 K; this 

feature is, much weaker than those found for KZS4 and does not provide a reliable value for 

the transition heat.  However, a second scan of sample KZS3-A gave a similar, weak 

endotherm from 868 to 879 K for which we have obtained a tentative transition heat of ~ 0.27 

J/g (127 J/mole).  A second sample (KZS3-B) also gave very weak heat effects at 862 to 872 

K, but it is not possible to obtain a reliable estimate for its heat of transition. Although we 

were not able to assign a robust transition heat for the KZn-leucite KZS3, the temperature 

range matches that for KZS4 and clearly reflects the occurrence of the same monoclinic-

orthorhombic phase transition for this compound. It is also clear that the thermal behaviour of 

the monoclinic KZn-Lc leucites is very sample dependent even though their room-T cell 

parameters are essentially the same and that the ∆Htransition value estimate for KZS3 is much 

smaller than that found for KZS4; we will consider  the possible reasons for such differences 

below (see section 3.2.3). 

 3.2.2 Thermal effects observed for a KMg-Lc sample.   Only one hydrothermally 

crystallized sample of KMg-Lc was synthesized at Manchester by CMBH, some 35 years ago, 

and portions of this were studied shortly after that at Warwick and Bristol (by Simon Kohn), 

at Cambridge (by Simon Redfern), at Daresbury and Sheffield (by AMTB), and at 

Manchester (by CMBH). We were keen to obtain DSC data on a sample of this compound to 

compare with results for KZS-Lc and only one possible small sample labelled AMT was 

located at Manchester but the history of usage of that sample was obscure.  However, new 

XRD scans at Sheffield Hallam University show this to be undoubtedly monoclinic KMg-Lc 

with room temperature cell parameters matching those reported by Bell et al. (1994a) and 

Redfern and Henderson (1996) (Table 3). In addition the crystallite size of the original sample 

was found to be ~1670 Å which shows it to be the best crystalline synthetic leucite we have 

studied here.  Two small samples of the original, as-synthesized sample (denoted KMS2-
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AMT1 and KMS2-AMT2) have been scanned by DSC but the first scan of each gave 

complicated patterns (Table 3). The first scan for KMS2-AMT1 gave a clear double 

endotherm at 665 to 700 K which provides an estimate for the ∆Htransition of 3.47 J/g (1.51 

kJ/mole); note that the temperature region for this heat effect is close to the region of 

coexistence of 646-671 K reported by Redfern and Henderson (1996). However, the region 

from ~ 750 to 800K showed spikes of electronic-like noise superimposed on a poorly defined 

feature that might not be significant.  Scan 1 for a new aliquot of this sample (KMS2-AMT2) 

showed spikes of electronic noise from 650 to 740 K and an endothermic-like feature from 

750 to 840 K.  We speculate that some of the other features suggest that the sample is 

undergoing some inital changes in composition or structure.  Further heating scans were 

therefore carried out on sample KMS2-AMT2.  Scan 2 was started 40 minutes after cooling 

Scan 1 to room temperature and showed a fairly narrow endothermic peak (670-680 K) giving 

a ∆Htransition of 4.39 J/g (1.91 kJ/mole) (Table 3). Scan 3 on the same sample was started 35 

mins after scan 2 had been cooled to room temperature; this scan showed a clear double 

endothermic peak from 665 to 690 K and gave a ∆Htransition value of 4.92 J/g (2.14 kJ/mole) 

with clear baselines showing no other thermal features (Table 3).  After adjustment to the 

baseline collection parameters a final scan (obtained 7 weeks later) gave an endothermic 

feature which between 660 and 700 K defines a ∆Htransition of ~ 6.72 J/g (~ 2.94 kJ/mole) 

(Table 3 and Figure 5d). The heat effects observed for the hydrothermal KMg-Lc sample 

occur over the same temperature conditions as the monoclinic to orthorhombic phase 

transition determined by HT-XRD (Redfern and Henderson, 1996) and we assign an average 

∆Htransition value of  4.9 J/g (2.1) kJ/mole to the phase transition for this compound (Table 3). 

 We have reported that the first heating runs of hydrothermally synthesized KZS and 

KMS leucite analogues both show complex DSC patterns which indicate that the samples are 

undergoing both chemical and structural changes during these initial experiments.  Later 

scans on the same samples show simpler features with clear endotherms covering fairly wide 

temperature ranges; in addition, repeat heating experiments tend to show peaks having some 

differences in shape and in peak area which we speculate reflect local changes that occur 

during the annealing and relaxation processes the samples undergo.  In the following section 

we attempt to account for such effects. 

 3,2.3. Possible chemical and structural controls of heat effect differences observed.  

 In a multi-nuclear MAS NMR study of leucite analogues of formula A2X2+Si5O12 with 

A = K, Rb, or Cs and X = Mg, Zn or Cd, Kohn et al. (1994) commented that static 1H NMR 

showed the presence of water in some hydrothermal synthesized samples; they pointed out 

that TGA study showed that such water was lost from 100 to 600oC but no further 
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information was given.   However, Kohn (personal communication, May 2021) has recently 

confirmed that 1H NMR showed the presence of 0.5 to 2% H2O in crystalline Mg- and Zn- 

leucite samples (Kohn et al., 1994). Note that the only TGA data we have been able to obtain 

on the KZn-leucite sample KZS4 is an 0.2 wt % loss between room temperature and 400 oC; 

this is lower than that reported above but no sample is currently available for a better 

determination. We conclude here that the water lost at the lowest temperatures would be 

adsorbed water (denoted H2O minus) but that lost at the highest temperatures in the KZn- and 

KMg-Lc samples studied here is likely to be molecular water occupying the large cavity 

positions (H2O+ in W sites) within the leucite framework.  Such water in analcime 

(NaAlSi2O6.H2O) is mainly lost close to 400oC and that in wairakite (CaAl2Si4O12.2H2O), is 

mainly lost at ~400 and 550oC (Deer et al., 2004); both of these minerals have leucite-type 

framework structures.   

 Kohn et al. (1994) also used 29Si MAS NMR to show that a hydrothermally 

synthesized KMg-Lc sample (KMS2, 600oC, 50MPa, 7 days) was characterised by the 

presence of 10 sharp Si peaks (10 distinct Si sites) with a flat, low intensity background, 

showing that the sample is a well-crystalline, fully-ordered monoclinic P21/c phase. In 

contrast, they showed that a hydrothermal KZn-Lc sample (KZS3, see above) had 10 

identifiable Si peaks of well-crystallized, ordered material superimposed on a broad hump-

shaped background of more disordered material (see Kohn et al. 1994; their Figure 3).  Note 

that they comment that the XRD powder pattern for KZS3 indicates a well-crystalline 

monoclinic sample pointing to any disorder being on the shorter range length scale probed by 

MAS NMR spectroscopy.   

 The presence of some water in crystalline hydrothermal KMg-Lc might, therefore, 

account for instabilities in the DSC scan for the previously unheated sample, but the starting 

material glass for that sample is close to the stoichiometric end member composition (Kohn et 

al., 1994).  However, the fact that the starting material glass for the KZn-Lc analogue is 

deficient in K (see section 2.1) suggests that the vacant W sites in some of the hydrothermal 

samples might well contain a significant amount of molecular water trapped within the 

crystalline framework. Thus, we speculate here that the complex DSC features observed in 

the previously unheated KZS4-A, scan 1 sample could be related to water loss mainly starting 

at ~ 500oC, which might have been accompanied by some rapid, short-range re-ordering of K 

in the W-sites and Si and Zn in the T sites.  Such a process could explain exothermic-like 

features but at the same time the monoclinic to orthorhombic phase transition was initiated; 

that crystallographic transition together with the effects of water loss would lead to the 

associated endothermic features.  Note that the displacive crystallographic phase transition 



 18 

would be fully reversible but the water loss and site ordering features would not be reversed 

on cooling.  We have commented earlier that slightly smaller unit cell edges were found at the 

end of the run1 high temperature-XRD experiments on KZS4-B and we speculate here that 

this could be due to water loss from the W cation site leading to some framework contraction.   

 We have shown above that DSC heating runs on the KZS4-A sample after 43 hours 

of cooling (scan 2) shows only weak endothermic effects suggesting ∆Htransition values of about 

380 J/mole (Table 3, Figure 5b).   However, the sample used for the high-temperature XRD 

powder investigation of the monoclinic – orthorhombic phase transition (denoted KZS4-B 

here) showed a much simpler thermal behaviour with a better defined endothermic peak over 

a similar temperature range to that observed for KZS4-A scan 1 (Table 3, Figure 5b) with a 

much larger ∆Htransition of about 750 J/mole (Table 3) but our early DSC scans showed poor 

reproducibility.  A final scan on KZS4-B (scan 2, obtained 13 weeks later) gave a higher 

∆Htransition of about 1.73 kJ/mole (Table 3, Figure 5c). Both of the KZS4 samples show simple 

endothermic features over the temperature range of about 868 – 875 K reflecting the 

occurrence of the phase transition observed by HT-XRD.  However, the higher transition heat 

for KZS4-B would be consistent with that sample having been annealed more effectively 

during the high-T XRD experiments thus providing a locally better-ordered structure and a 

more reliable thermal analysis result. The suggestion that the KZS4 sample had become better  

‘ordered’ during the HT-XRD experiments is supported by the crystallite-size estimates 

reported in Table 3: before high-T XRD runs ~1330 Å and after both HT-XRD and DSC 

experiments 1773 Å (Table 3).  These values reflect the case that well-crystallized, ordered 

samples provide better powder XRD patterns resulting from the larger crystallite repeat and 

X-ray scattering distances. Note that naturally occurring leucite (KAlSi2O6) might be 

expected to be better crystalline than any synthetic hydrothermally-crystallized leucite and 

this is confirmed by the room temperature value of 345 nm (3450 Å) reported by Bell and 

Henderson (2020). 

 The fact that hydrothermal KZS3 has a much smaller ∆Htransition  than that for KZS4 

must also be explained.  We have shown that KZS3 has a crystallite size of ~ 1360 Å, within 

error of the unheated KZS4 sample (Table 3), but the MAS NMR data for the former sample 

clearly shows a much smaller proportion of a long-range-ordered monoclinic phase than for 

KZS4 (see above), which presumably restricts the effectiveness of any crystallographic 

transition and thus the size of the associated heat effect.  

 Based on the DSC data it seems clear that the transition heats in our samples are 

dependent on local factors in the frameworks which we do not fully understand; 

unfortunately, we do not have sufficient of any of the samples to study this more 

systematically with a program of annealing heat treatments, thermogravimetric analysis, and 

NMR, Raman or infrared spectroscopy to study the presence of water within W sites.  
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However, we suggest that the most reliable values for ∆Htransition are ~1.7 kJ/mole for the 

KZS4 sample and about 2.1 kJ/mole for the KMS2-AMT leucite.  It seems likely that the best 

crystalline sample and most reliable ∆Htransition value is that for the KMg sample, but it is 

possible that none of the values represent equilibrium.  Lange et al. (1986) studied the 

tetragonal I41/a to cubic Ia-3d phase transition in natural and synthetic K-leucite samples by 

DSC and reported ∆Htransition data on the basis of a 6 oxygen cell: average of 3 natural leucites 

3.37 kJ/mole; synthetic KAlSi2O6 3.81 kJ/mole; synthetic KFe3+Si2O6 2.45 kJ/mole; and 

synthetic Si-rich solid solution Lc0.86Or0.14 wt % 2.91 kJ/mole.  On a J/g basis these transition 

heats would be 15.5, 17.5, 9.8 and 12.7 J/g, respectively; the values we find for KMg-leucite 

are significantly smaller and average ~ 4.9 J/g. It is clear that the nature of the tetrahedral 

cations and their proportions would affect the transition energies, as would the perfection of 

the crystalline frameworks for such samples. In addition, our samples have ordered T-site 

frameworks while the other samples (Lange et al., 1986) will have mainly disordered Si-Al 

and Si-Fe frameworks.  Much more sample synthesis, and high-resolution structural, 

spectroscopic and thermal analytical studies are required to adequately address this interesting 

research area, but this is not possible in the foreseeable future. 

 

3.3  Characteristics of the monoclinic P21/c – orthorhombic Pbca transition in leucite 

analogues 

The hydrothermally-synthesized KZn-Lc leucite analogue has an ambient temperature silicate 

framework structure in which Si and Zn cations are ordered over the framework. It has a 

P21/c monoclinic crystal structure which is isostructural with the first cation-ordered leucite 

analogue KMg-Lc which was determined using integrated synchrotron powder XRD, electron 

diffraction, and 29Si MAS NMR methods (Bell et al., 1994a). A high temperature Guinier X-

ray powder diffraction study on another portion of the same KMg-Lc sample (Redfern and 

Henderson, 1996) showed a reversible, unquenchable ferroelastic phase transition that was 

initiated close to ~ 650 K; the high-temperature form was indexed as a Pbca orthorhombic 

cation-ordered structure isostructural with Cs2CdSi5O12 (Bell et al., 1994b). In that study of 

KMg-Lc, both monoclinic and orthorhombic polymorphs were present over a temperature 

range of ~ 25 K and the calculated unit cell volume showed a positive ∆V of about 1.6 %.  

Both of the features pointed to a first order transition (Redfern and Henderson, 1996). Note 

that the topologically equivalent P21/c and Pbca structures, where the former has 12 distinct T 

sites (10 Si and two M2+) and the latter 6 T sites (5 Si, 1 M2+) [33, 34], are permitted to show 

a continuous, 2nd-order transformation (Stokes and Hatch, 1988) but the ∆V  and two-phase 

characteristics reported for the KMg-Lc phase transition excludes this possibility which is 

consistent with that transition being a reversible, non-quenchable, first-order ferroelastic 

phase transition. 
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We have already predicted that P21/c KZn-Lc should show a phase transition to Pbca 

at about 700 K (Bell and Henderson, 2018), but the high temperature data for KZn-Lc 

reported here show the phase transition occurring over the temperature range 848-863K 

where both monoclinic and orthorhombic phases are present. This two phase region is similar 

to that described for an unquenchable, displacive phase transitions shown by kalsilite 

analogues in the SrAl2O4-BaAl2O4 system and was named the ‘region of coexistence’ 

(Henderson and Taylor, 1982); based on similarities shown for displacive phase transitions 

occurring in ZrO2 and high-cristobalite, it was suggested that the aluminate 

‘nepheline/kalsilite-type’ phase transition had properties of a strain-related martensitic 

transition (Henderson and Taylor, 1982; Avdeev et al., 2007; Henderson, 2021).  

Two-phase regions in the I41/a to  displacive phase transitions have also been 

reported for synthetic KGaSi2O6 and synthetic (K,Na)[Al,Fe3+,Si]3-4O6-8 leucites and it was 

concluded that all these phases showed martensite-type phase transitions (Bell and 

Henderson, 2020); that paper included a more detailed discussion of the mechanisms of 

martensitic displacive phase transitions in ZrO2, cristobalite and BaTiO3 in a Supplementary 

File appendix to the main paper.  

 DTA and DSC measurements for KZn-Lc leucites show an endothermic heat effect 

smeared out over ~15K, corresponding to the phase transition range determined by X-ray 

powder diffraction. Figure 1 shows how the lattice parameters vary with temperature and it is 

clear that all these data are consistent with the P21/c – Pbca transition occurring over a 

temperature range of ~ 20-25K. This is likely to be related to the effects of internal strain 

being mediated in a stepwise, thermally controlled fashion (see below).  

 

 KZn-Lc and KMg-Lc leucite analogues both show similar first-order phase transitions 

with positive ∆V values (1.2 and 1.6 %, respectively), with two-phase regions smeared out 

over ~ 20-25K; however, the phase transition temperature for KMg-Lc is much lower than 

that for KZn-Lc.  Because the tetrahedral Zn2+ cation is slightly larger than that for tetrahedral 

Mg2+, the KZn-leucite should have a slightly larger framework yet cubic disordered K, Rb 

and Cs leucite analogues (A2ZnSi5O12) invariably have smaller cell volumes than their Mg-

counterparts at room temperature (Bayer, 1973; Kohn et al., 1994; Yanase et al., 1999; 

Henderson et al., 2017). The same is true for the ordered P21/c and Pbca (K, Rb and Cs)-Mg 

and -Zn equivalents (Kohn et al., 1994; Henderson et al., 2017; and this work). This 

relationship would be consistent with the larger Zn-containing frameworks being more 

collapsed about each central cavity cation than their Mg equivalents. This, in turn, would 

result in the phase transition to the higher symmetry polymorph being displaced to a higher 

temperature as found here. However, the starting glass material for the KZn-leucite sample 
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shows a deficiency of K in the W site (see above) while that for the KMg-leucite sample is 

within error of the stoichiometric KMg-Lc composition (Kohn et al., 1994) and this might 

also be a factor in influencing the actual phase transition temperature and overall 

characteristics. 

The spontaneous strains associated with these phase transitions are analysed in the 

next section.  

 

3.4 Strains associated with the ferroelastic (P21/c) to paraelastic (Pbca) phase transition in 

KZn-Lc. 

We have already pointed out that T-site ordered P21/c and Pbca leucite analogues have the 

same structural topologies as the I41/a and leucite frameworks. Several detailed studies 

of the strains associated with the second-order ferroelastic (I41/a) to paraelastic ( ) 

displacive phase transition in natural leucite (KAlSi2O6) have been published (e.g., Palmer et 

al., 1989, 1997; Palmer, 1990; Carpenter et al., 1998).  All of these studies interpreted aspects 

of the phase transitions for natural leucite in terms of Landau Theory which was initially 

developed for continuous second-order transformations.  However, subsequent research 

showed that this approach could be extended to describe first-order and reconstructive phase 

transitions, and even to incommensurate phases (Tolédano and Tolédano, 1987; Tolédano, 

2012).  In the present case as mentioned above, Group Theory shows that a phase transition 

from Pbca to P21/c is permitted to be second-order as it satisfies both the Landau and 

Lifshitz criteria, but this does not preclude such a transition being first-order which is system 

dependent.  A first-order transition in the Ehrenfest classification requires the first differential 

of the Gibbs function to be discontinuous at the phase transition, e.g. entropy or volume, 

which is demonstrated in KZn-Lc by the occurrence of a volume discontinuity between the 

orthorhombic and monoclinic phases.   

 The excess free energy (∆G) at a phase transition can be defined using a simple 

Landau potential as:   

 ∆G(Q) = (A/2)(T – Tc)Q2  +  (B/4)Q4  +  (C/6)Q6 

where Q is an order parameter, Tc is the transition temperature, T the temperatures for a series 

of experimental measurements, and A, B and C are coefficients defining the shape of the Q vs 

T trend.  For a continuous, 2nd order phase transition (with no ∆V) A, B, and C are positive.  

A value of B = 0 marks the occurrence of a tricritical point and for negative B values (B < 0) 

the phase transition is said to be tricritical (first order) (e.g., Aitta, 2009); such a first-order 

transition may be characterized by the presence of discontinuities in both the volume strain 

and perhaps by the occurrence of a two-phase region (e.g., also see Salje, 1990; Hayward et 

al., 2000; Tolédano, 2012).  Redfern and Henderson (1996) have already shown for T-site 
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ordered KMg-Lc leucite that the symmetry relations for the P21/c to Pbca transition satisfy 

the general Landau and Lifshitz criteria and that discontinuities in both the volume and the 

shear strain (e13, see below) indicate a first-order mechanism. The spontaneous strain vs order 

parameter relationships for the KMg-Lc transition show that the driving order parameter e13 

(effectively (- cos β*)/2) scales with the ferroelastic order parameter (Q) while the non-

symmetry-breaking volume strain (Vss) scales with Q2 (Redfern and Henderson 1996). 

Although Redfern and Henderson (1996) fitted the temperature dependence of the e13 

temperature dependence for KMg-Lc, and reported values determined for A/C and B/C 

coefficients and for Tc, we were not able to obtain robust fits for the KZn-Lc sample 

reflecting the lower quality of data obtained here compared to the higher resolution Guinier 

camera data used by Redfern and Henderson.   

   Carpenter et al. (1998) in a key paper on ferroelastic transitions gives many examples 

for mineral and inorganic compounds which display either second- or first-order displacive 

phase transitions. Other recent papers dealing with the strains associated with monoclinic – 

orthorhombic phase transitions involved the P21/n – Pnma transition in ZSM-5 zeolite (Ardit 

et al, 2015), and in olivenite (Tarantino et al., 2018). In these cases, and for P21/c to Pbca in 

KZn-Lc and KMg-Lc, the same point group pair mmm and 2/m is involved but note that the 

ZSM-5 zeolite and olivenite have many features consistent with second-order transitions in 

contrast to KZn-Lc and KMg-Lc. In the present work we have combined the different 

approaches used by Redfern and Henderson (1996), Carpenter et al. (1998) and Ardit et al. 

(2015) to address the spontaneous strain relationships which reflect the changes in the 

structural state shown by the KZn-Lc phase transition.   

Carpenter et al. (1998) defined the components of the spontaneous strain tensor for a 

monoclinic - orthorhombic transition, where a0, b0, c0 and V0 are orthorhombic parameters 

extrapolated into the lower temperature monoclinic field.  Figure 1 shows how linear 

extrapolations of the KZn-Lc orthorhombic high temperature values for a, b, c, β and V 

provide estimates for a0, b0, c0, β0, and V0 at the temperatures for the run 1 monoclinic 

polymorphs (see section 2.2). The a0, b0, c0 and V0 values for KMg- Lc were obtained in a 

similar way from the parameters reported in Table 1, Redfern and Henderson (1996). 

 The Carpenter et al. spontaneous strain equations used here are:  e11 = a/a0 – 1 

(Carpenter equation 49); e22 = b/b0 – 1 (equation 50); e33 =   ((c/c0) sin β) – 1 (equation 51); e13 

= (0.5(c/c0)cos β) (equation 53; note that for small linear strains this has a value close to (- cos 

β*)/2); e12 = e23 = 0 (equations 52, 54). The linear strains e11, e22 and e33 are non-symmetry-

breaking (nsb) and scale with Q as eii α Q2.  The shear strain e13 is symmetry-breaking(sb) and 

scales with Q as e13 α Q.  The volume strain is defined as Vss = (V – V0) / V0 (Carpenter 

equation 69) and there is a discontinuity, ∆V, at the transition point.  
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 We have calculated the individual strain parameters from the measured cell 

parameters for KZn-Lc (this paper) and KMg-Lc (Redfern and Henderson, 1996; see also 

Henderson, 2021) in an Excel spreadsheet and plot the results in Figure 6 a and b.  Note that 

the values calculated for e11, e22, e33, and Vss have significant uncertainties arising from the 

need to extrapolate orthorhombic cell parameters over wide temperatures ranges to provide 

a0, b0 and c0 for each temperature step in the monoclinic stability field, but e13 is better 

constrained because the extrapolated β0 term is fixed at 90o.  For the KZn-Lc sample (Figure 

6a) the data for the monoclinic and orthorhombic symmetries are plotted using separate 

symbols. Note that we have not plotted strain data for the two-phase mixtures because 

overlapping Bragg peaks for the coexisting monoclinic and orthorhombic phases lead to some 

of their cell parameters being less reliable than for the one-phase data points. The run 2 data 

plot within error of the run 1 points and the same is true for the orthorhombic data above the 

phase transition but we have not included the points for monoclinic, run 2 strains as they 

obscure the detailed individual trends for the monoclinic phases close to the phase transition. 

However, the strain trends for runs 1 and 2 are shown separately in Figures 7 and 8 below.  

 The spontaneous strains for e11 and e33 (i.e. those for the a and c axes) for the 

monoclinic samples start with negative values (-23 ‰ and -19 ‰, respectively) and both 

trends show only small changes (to less negative values) up to ~ 500 K, the e11 then starts to 

change more quickly than e33 with increasing temperature and the two trends cross at about 

750 K to give values just below the phase transition of -3 and -5‰, respectively.  The e22 

strains (b axis) have values close to zero and initially show little change, but then a slight fall 

above 650 K to about -4‰. The e13 shear strain shows little significant variation up to ~ 500 

K (i.e., from -15 to -14 ‰) before decreasing to -5 ‰ at the transition.  The volume strain 

shows little change up to 400 K (from -45 to – 44 ‰) but then shows a clear, increasing rate 

of change with increasing temperature to a value of ~ -11 ‰ at the phase transition; the 

volume discontinuity between the monoclinic and orthorhombic strains at the transition is 

very clear at ~850 K in Figure 6a. The discontinuities for the other strains are smaller but all 

show positive relationships between the strains for monoclinic and orthorhombic cells. For 

the orthorhombic data the e11, e22, e33, and Vss strains have very low values which scatter on 

the positive and negative sides of 0 reflecting experimental error, mainly error from the 

extrapolated i0 values. As expected, the e13 strains plot at zero values reflecting the fact that 

cos90 = 0.  It is clear in Figure 6a that all of the strain parameters for the monoclinic phases 

show smooth, non-linear responses with increasing temperature.  

 The temperature dependence of strain parameters from 373 to 848 K are shown in 

Figure 7a; thus, the squares of strain parameters (e11)2, (e22)2 and (e33)2, all show good linear 

trends with increasing temperature. All of these are non-symmetry-breaking strains implying 

that these parameters are proportional to the square root of temperature (T1/2) which would 
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normally indicate a second-order phase transition (e.g., Palmer et al. 1997; Carpenter et al., 

1998). The symmetry-breaking (e13)2 strain also shows a reasonable linear trend in Figure 7c 

but the highest temperature points full below this linear fit and the overall trend has a 

concave-down form. Indeed, the e13 data points are fitted better in a plot of e13
exp

 vs 

temperature where the exponent (exp) has a value >2.  The same relationship is shown in 

Figure 7d for the symmetry-breaking cosβ* strain.  Thus, if the driving order parameter e13 is 

proportional to T<1/2 this, in turn, could be consistent with the phase transition being weakly 

tricritical, first order in nature (cf. Li et al. 2013).  None of the other linear strains show this 

relationship as e11
>2, e22

>2,  and  e33
>2 vs T  plots show that many of the high-T points fall well 

off linear trends; clearly x0 extrapolation errors make such suggestions speculative (see 

below).  In any case, the presence of clear positive ∆V values for the monoclinic to 

orthorhombic transitions for hydrothermally synthesized KZn-Lc indicates a first-order 

transition for this compound.  In addition, KZS4 leucite shows an excellent linear relationship 

between volume strain Vss
2 and temperature (Figure 7b); we have shown that Vss is 

proportional to Q2
 which implies in turn that Vss

2  α Q4
  α T and that Q α T1/4 consistent with 

the phase transition being first order and close to tricritical (cf. Carpenter et al., 1998; page 

661).  It is clear that the monoclinic to orthorhombic phase transition for KZn-Lc is 

complicated by the presence of a volume discontinuity and of a two-phase region during the 

phase transition and we will consider the spontaneous strain associated with the equivalent 

phase transition in KMg-Lc to assess the similarities for both compounds. 

 The spontaneous strains for KMg-Lc leucite have been calculated in the same way 

using the cell parameters from Table 1 of Redfern and Henderson (1996); see also the 

preliminary study of strain parameters for this compound (Henderson, 2021). The e11, e33 and 

Vss spontaneous strains for that compound (Figure 6b) are all less negative, and that for e22 is 

slightly more negative, than those for KZn-Lc leucite; overall the Zn-analogue clearly has a 

more distorted framework than the Mg form.  However, for each parameter the trends are 

similar for the two leucite compositions. Figures 6a and 6b show distinct discontinuities for 

each of the strains at the transition for both KZn-Lc and KMg-Lc.  These clear discontinuities 

and the positive ∆V are all consistent with the phase transition being first-order in character. 

 Figure 8 shows different plots of spontaneous strain parameters that can be used to 

assess how the strain components and the order parameter (Q) are coupled (also see Ardit et 

al., 2015). Thus, Figure 8a shows the equivalence of Vss and the sum of the linear strains, 

e11+e22+e33, as expected for small strains. Figure 8b shows a non-linear trend for the 

relationship between e13
2 and Vss but note that the three run 1, highest strain data points lie on 

temperature versus e13 and temperature versus Vss strain ‘plateaus’ from 294 to 473 K  (see 

earlier). By contrast the run 1 points above 700 K (e13
2 < 100 ‰) fall close to the projected 

linear trend for the run 2 data which define the main structural changes close to the phase 
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transition. Note also that the extrapolated x0 values for all the strain parameters at the lowest 

temperatures will be subject to higher errors than those for higher temperature data points.  

Thus, the linear trend for the run 2 data in Figure 8b extrapolates backwards to close to the 

origin defined by the orthorhombic cells; this relationship is consistent with a linear-quadratic 

relationship between e13
2 and Vss (Redfern and Henderson, 1996).  Figure 8d shows a similar 

result for a plot of (cosβ*)2 (effectively e13
2) vs unit cell volume V where the whole data series 

defines a reasonable linear trend that extrapolates towards the values for the orthorhombic 

structure; data for KMg-Lc exhibits the same type of coupling as shown by Redfern and 

Henderson.  However, compared to the lower temperature run 1 data, the high temperature 

run 2 values for KZn-Lc show a slightly different linear trend which extrapolates to a value 

closer to those defined by the orthorhombic cell. We suggest that this trend provides the most 

reliable extrapolation towards the orthorhombic samples at the phase transition. 

 Ardit et al. (2015) calculated how the symmetry-breaking strain e13 for zeolite ZSM-5 

varied as a function of e13 vs [(T - Tc) / Tc]beta   by varying the values assumed for the critical 

exponent beta; a value for ‘beta’ of ½ would indicate  an ideal second-order phase transition 

and ¼ would be consistent with an ideal tricritical, first-order phase transition.  This ZNS-5 

phase shows a transition between monoclinic (P21/n) and orthorhombic (Pnma) which has the 

same point group symmetry 2/m to mmm as the transitions shown by KMg-Lc and KZn-Lc.  

The ZSM-5 sample shows the characteristics of a continuous displacive transition (Ardit et 

al., 2015) with no ∆V so the Ardit et al. suggestion that the ZNS-5 transition is tricritical 

properties appears to be justified. The phase transitions for KZn-Lc and KMg-Zn transitions, 

are clearly first order and thus are not continuous. However, Toledano (2012) has shown that 

first-order phase transitions between phases with group/sub-group symmetry relationships, 

which show a step-like jump at Tc and a region in which both phases coexist ‘metastably’, can 

be treated by the same method. Thus we have exploited this suggestion for the KZS4 sample 

by plotting e13 for the monoclinic phases for KZn-Lc versus (T - Tc) which is a commonly 

used temperature parameter in the analysis of phase transitions (Salje, 1990; Carpenter et al., 

1998; Tolédano, 2012; Li et al., 2013; Knight et al., 2015) where Tc is the transition 

temperature.  The value chosen for Tc here is 855 K, midway in the ‘region of coexistence’ (cf. 

Toledano, 2012).  Figure 8c shows that the full data set for run 1 samples shows a reasonable 

linear fit for the e13 (proportional to Q) vs (Tc-T)0.5
 fit for the run 2 data but that this fit does 

not extrapolate to the e13/T origin. By contrast, the e13 vs (Tc-T)0.25
 plot for the run 2 data plus 

run 1 data at >700 K defines an excellent linear fit that projects directly (within error) to the 

e13/T origin.  Thus Q is proportional to T0.25 which is consistent with a tricritical transition.   

 Such a tricritical relationship has been reported for ‘continuous’ phase transitions for 

tetragonal I41/a (to cubic) CsTi0.1Al0.9Si2O6.05 pollucite (Xu et al., 2002), and for monoclinic 

P21/n (to orthorhombic) zeolite ZSM-5 (Ardit et al., 2015).  The same result has also been 
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reported for phase transitions in perovskite analogues showing ‘discontinuous’, first order 

transitions which show volume discontinuities and two-phase fields over a range of 

temperature at the phase transitions.  Thus, Whitefield et al. (2016) have used high resolution 

diffraction techniques to characterize the tetragonal (I4mcm) to cubic (Pm-3m) phase 

transition at ~ 330 K in CH3NH3PbI3 perovskite; the transition takes place over a narrow 

temperature, two phase region (~ 30 K) and shows a small ∆V.  I4mcm is a sub-group of Pm-

3m so the transition is potentially second order; however, it is shown that the order parameter 

Q scales with (Tc – T)1/4 which, together with the presence of a two-phase field and ∆V, is 

consistent with a tricritical, first-order transition.  Such characteristics are similar to those we 

report here and, overall, we conclude that the properties of the phase transitions shown by the 

T-site ordered P21/c KZn- and KMg-leucite analogues are consistent with weakly-tricritical, 

first order phase transitions. 

 

5. Conclusions. 

 

1. High temperature X-ray powder diffraction measurements on the KZn-Lc leucite analogue 

show that the ambient temperature P21/c monoclinic cation-ordered crystal structure 

undergoes a phase transition to a Pbca orthorhombic cation-ordered crystal structure over the 

temperature range 848-863 K.  

 

2. There is an approximately 1.2% step increase in the KZn-Lc unit cell volume over the 

phase transition for this phase. KZn-Lc is isostructural with KMg-Lc, which shows a similar 

phase transition around 650 K. The positive ∆V and the presence of two-phase regions 

occurring over the temperature range of the phase transition for both the Zn and Mg 

analogues are consistent with both transitions being first order with a strain-related 

martensite-like mechanism and may have weakly tricritical properties. 

 

3. The first DSC heating scans on original, as synthesized T-site-ordered leucites are, perhaps 

related to loss of any water present and local structural ordering effects; nevertheless, 

annealed samples give ∆H values for the displacive P21/n to Pbca crystallographic transition 

for less-well-annealed KZS4 of 3.6 J/g, and for well-annealed KMS2 a value of 4.9 J/g. These 

values compare with values of ~ 15 J/g for the I41/a to I-3a transition in well crystallized 

natural leucite (KAlSi2O6). Note that we have used J/g here rather than J/mole so as not to 

confuse 12 O cell values for the KZn- and KMg-Lc samples with the 6 O cell basis used for 

natural leucites. 
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4. Analysis of the spontaneous strains associated with the transition for KZn-Lc is shown to 

be similar to those reported for the KMg-Lc leucite analogue (Redfern and Henderson, 1996; 

Henderson, 2021).  Both compounds show that the primary ferroelastic strain   e13 (or cos(β*)) 

is proportional to the driving order parameter Q while the Vss strain is coupled to  Q2 . 

 

Acknowledgements. We thank Dr. Kevin S. Knight ex ISIS at Rutherford Appleton 

Laboratory for advice on strain analysis and application of Landau theory, Dr. Wei Deng of  

Sheffield Hallam University for assistance with Differential Thermal Analysis work, Dr. John 

Waters of the University of Manchester for recent powder XRD studies on dry-synthesized 

disordered and ordered KMg-Lc, and Prof. Simon Kohn for information on water contents of 

the hydrothermal leucites studied. Two referees gave very useful comments and made 

corrections; we particularly thank Michael Carpenter for his generous comments, 

clarifications and advice, all of which have helped to greatly improve this paper. 

 

This research did not receive any specific grant from funding agencies in the public, 

commercial, or not-for-profit sectors. 

 

 There are no declarations of interest. 



 28 

6. References 

 

Agakhanov, A.A., Pautov, L.A., Karpenko, V. Yu., Sokolova, E. and Hawthorne F.C. (2012) 

Kirchhoffite, CsBSi2O6, a new mineral species from the Darai-Pioz alkaline massif, 

Tajikistan: Description and crystal structure. Canadian Mineralogist, 50, 523-529. 

https://doi.org/10.3749/canmin.50.2.523 

 

Aitta, A. (2009) Tricritical points and liquid-solid critical lines. European Women in 

Mathematical Proceedings, 13th General Meeting. Eds. Paycha A. and Hobbs C. World 

Scientific Publishing, Singapore. 

 

Ardit, M., Martucci, A. and Cruciani  G. (2015) Monoclinic-orthorhombic phase transition in 

ZSM-5 zeolite: Spontaneous strain variation and thermodynamic properties.  Journal of 

Physical Chemistry, C, 119, 7351-7359.  https://doi.org/10.1021/acs.jpcc.5b00900 

 

Avdeev, M., Yakovlev, S., Yaramchenko, A. and Kharton V. (2007) Transitions between P21, 

P63(√3A), and P6322 modifications of SrAl2O4 by in situ high-temperature X-ray and neutron  

diffraction. Journal of Solid State Chemistry, 180, 3535–3544.  

https://doi.org/10.1016/j.jssc.2007.10.021 

 

Bayer, G.  (1973) Thermal expansion of new leucite-type compounds. Naturwissenschaften, 

60,102-103. https://doi.org/10.1007/BF00610410 

 

Baerlocher, Ch., Meier, W.M. and Olson, D.H. (2001) Atlas of zeolite framework types. 

Structure Commission of the International Zeolite Association, 5th Edition. Elsevier, 

Amsterdam, 308pp.  

 

Beger, R.M. (1969) The crystal structure and chemical composition of pollucite. 

Zeitschrift fur Kristallographie, 129, 280-302. https://doi.org/10.1524/zkri. 

1969.129.16.280 

 

Bell, A.M.T. and Henderson, C.M.B. (2012) High-temperature synchrotron X-ray powder 

diffraction study of Cs2XSi5O12 (X = Cd, Cu, Zn) leucites. Mineralogical Magazine, 76, 

1257-1280. https://doi.org/10.1180/minmag.2012.076.5.12 

 

https://doi.org/10.3749/canmin.50.2.523
https://doi.org/10.1021/acs.jpcc.5b00900
https://doi.org/10.1016/j.jssc.2007.10.021
https://doi.org/10.1007/BF00610410
https://doi.org/10.1524/zkri.%201969.129.16.280
https://doi.org/10.1524/zkri.%201969.129.16.280
https://doi.org/10.1180/minmag.2012.076.5.12


 29 

Bell, A.M.T. and Henderson, C.M.B. (2018) Crystal structures of K2[XSi5O12] (X = Fe2+, Co, 

Zn) and K2[XSi5O12] (X = Mn) leucites; comparison of monoclinic P21/c and  

polymorph structures and inverse relationship between tetrahedral cation (T = Si and X) – O 

bond distances and intertetrahedral T – O – T angles. Acta Crystallographica, B74, 274-286. 

https://doi.org/10.1107/S2052520618004092 

 

Bell, A.M.T. and Henderson, C.M.B. (2019) A study of possible extra-framework cation 

ordering in Pbca leucite structures with stoichiometry RbCsXSi5O12 (X = Mg, Ni, Cd), 

Powder Diffraction, 34, S2-S7. https://doi.org/10.1017/S0885715619000071 

 

Bell, A.M.T. and Henderson, C.M.B. (2020) Tetragonal-cubic phase transition in KGaSi2O6 

synthetic leucite analogue and its probable mechanism. Journal of Solid State Chemistry, 284, 

121142.  https://doi.org/10.1016/j.jssc.2019.121142 

 

Bell, A.M.T., Redfern, S.A.T., Henderson, C.M.B. and Kohn, S.C. (1994a) Structures of 

synthetic K2MgSi5O12 leucites by integrated X-ray powder diffraction, electron diffraction 

and 29Si MAS NMR methods. Acta Crystallographica, B50 (1994a) 31-41. 

https://doi.org/10.1107/SO 108768193008754 

 

Bell, A.M.T., Redfern, S.A.T., Henderson, C.M.B. and Kohn, S.C. (1994b) Structural 

relations and tetrahedral ordering pattern of synthetic orthorhombic Cs2CdSi5O12 leucite: 

a combined synchrotron X-ray powder diffraction and multinuclear MAS NMR study, 

Acta Crystallographica, B50, 560-566. https://doi.org/l 0.1 107/SO 108768194003393 

 

Bell, A.M.T., Knight, K.S., Henderson, C.M.B. and Fitch, A.N. (2010) Revision of the 

structure of Cs2CuSi5O12 leucite as orthorhombic Pbca. Acta Crystallographica, B66, 51-59.  

https://doi.org/10.1107/S0108768109054895 

 

Carpenter, M.A., Salje, E.K.H. and Graeme-Barber, A. (1998) Spontaneous strain as a 

determinant of thermodynamic properties for phase transitions in minerals. European Journal 

Mineralogy, 10, 621-691. https://doi.org/10.1127/ejm/10/4/0621 

 

Cesar, P.F., Yoshimura. H.N., Miranda. W.G. and Okada. C.Y. (2005) Correlation between 

fracture toughness and leucite content in dental porcelains. Journal of  Dentistry, 33, 721-729. 

https://doi.org/10.1016/j.jdent.2005.02.001 

 

https://doi.org/10.1107/S2052520618004092
https://doi.org/10.1017/S0885715619000071
https://doi.org/10.1016/j.jssc.2019.121142
https://doi.org/10.1107/SO%20108768193008754
https://doi.org/l%200.1%20107/SO%20108768194003393
https://doi.org/10.1107/S0108768109054895
https://doi.org/10.1127/ejm/10/4/0621
https://doi.org/10.1016/j.jdent.2005.02.001


 30 

Coombs. D.S. and 18 others, (1997) Recommended nomenclature for zeolite minerals: report 

of the Subcommittee on Zeolites of International Mineralogical Association, Committee on 

new minerals and minerals names.  Canadian Mineralogist, 35,1571-1606. 

 

Deer, W.A., Howie, R.A. and Zussman, J. (1966) An introduction to the rock-forming 

minerals, 1st edition. Longman, 528 pp.  

 

Deer, W.A., Howie, R.A. and Zussman, J. (2004) Rock-forming minerals, Framework 

silicates: Silica minerals, feldspathoids and the zeolites. Volume 4B, The Geological Society, 

London 982 pp. 

 

Ferraris, G., Jones, D.W. and Yerken, J. (1972) A neutron diffraction study of the crystal 

structure of analcime, NaAlSi2O6.H2O. Zeitschrift für Kristallographie, 135, 240-252. 

https://doi.org/10.1524/zkri.1972.135.3-4.240 

 

Gatta, G.D., Rinaldi, R., Mclntyre, G.J., Nenert, G., Bellatreccia, F., Guastoni, A. and 

Della Ventura, G. (2009) On the crystal structure and crystal chemistry of pollucite, 

(Cs,Na)16Al16Si32O96.H2O. American Mineralogist, 94, 1560-1568. 

https://doi.org/10.2138/am.2009.3237 

 

Ghiorso, M.S., Carmichael, I.S.E. and Moret, L.K. (1979) Inverted high-temperature quartz: 

unit cell parameters and properties of the α-β inversion. Contributions Mineralogy Petrology, 

68, 307-323/ 

 

Hayward, S.A., Romero, F.J., Gallardo, M.C., del Cerro, J., Gibaud, A. and Salje, E.K.H. 

(2000) Cubic-tetragonal phase transition in KMnF3: excess entropy and spontaneous strain. 

Journal Physics: Condensed Matter, 12, 1133-1142. https://doi.org/10.1088/0953-

8984/12/6/329 

 

Henderson, C.M.B. (2021) Composition, thermal expansion and phase transitions in 

framework silicates: revisitation and review of natural and synthetic analogues of nepheline, 

feldspar and leucite-mineral groups. Solids, 2, 1-49.  https://doi.org/10.3390/solids2010001 

 

Henderson, C.M.B., Bell, A.M.T., Kohn, S.C. and Page, C.S. (1998) Leucite-pollucite 

structure-type variability and the structure of a synthetic end-member wairakite 

(CaAl2Si4O12H2O). Mineralogical Magazine, 62, 165-178. 

 

https://doi.org/10.1524/zkri.1972.135.3-4.240
https://doi.org/10.2138/am.2009.3237
https://doi.org/10.1088/0953-8984/12/6/329
https://doi.org/10.1088/0953-8984/12/6/329


 31 

Henderson, C.M.B., Bell, A.M.T. and Knight, K.S. (2017) Variable stoichiometry in 

tectosilicates having the leucite/pollucite-type structure with particular emphasis on modelling 

the interframework cavity cation environment. Journal Solid State Chemistry, 251, 90-104.   

https://doi.org/10.1016/j.jssc.2017.04.013 

 

Henderson, C.M.B., Cressey, G. and Redfern, S.A.T. (1995) Geological applications of 

synchrotron radiation. Radiation Physics Chemistry, 45, 459-481. 

https://doi.org/10.1016/0969-806X(95)92799-5 

 

Henderson, C.M.B., Charnock, J.M., Bell, A.M.T. and van der Laan, G. (2016) X-ray 

absorption study of 3d transition metals and Mg in glasses and analogue materials in 

AFe3+Si2O6 and A2X2+Si5O12, where A = K, Rb, or Cs and X = Mg, Mn, Fe, Cu, Ni, Cu, or Zn. 

Journal Non-Crystalline Solids, 451, 23–48. https://doi.org/10.1016/j.jnoncrysol.2016.05.016 

 

Henderson, C.M.B. and Taylor, D. (1982) The structural behaviour of the nepheline family: 

(1) Sr and Ba aluminates (MAl2O4). Mineralogical Magazine, 45, 111-127. 

https://doi.org/10.1180/minmag.1982.045.337.13 

 

Henderson, C.M.B. (2021) Composition, thermal expansion and phase transitions in 

framework silicates: Revisitation and review of natural and synthetic analogues of nepheline, 

feldspar and leucite-mineral groups. Solids, 2, 1-49. https://doi.org/10.3390/solids2010001 

 

Hogan, M.A. and Risbud, S.H. (1991) Gel-derived amorphous cesium-aluminosilicate 

powders useful for formation of pollucite glass-ceramics. Journal Materials Research, 6, 217-

219. https://doi.org/10.1557/JMR.1991.0217 

 

Holakovsky, J., Kratochvilova, I. and Kocirik, M. (2006) Assessment of percolation 

thresholds for channel system in MFI zeolite based on the MFI and diamond lattice. 

Microporous and Mesoporous Materials, 91, 170-171.  

https://doi.org/10.1016/j.micromeso.2005.08.003 

 

Jones, R.J., Thrall, M. and Henderson, C.M.B. (2010) Complex impedance spectroscopy and 

transport properties of a natural leucite as a function of temperature and pressure. 

Mineralogical Magazine, 74, 507–519. https://doi.org/10.1180/minmag.2010.074.3.507 

 

Kamiya, N., Nishi, K. and Yokomori, Y. (2008) Crystal structure of pollucite. Zeitschrift fur 

Kristallographie, 223, 584-590. https://doi.org/10.1524/zkri.2008.1103 

https://doi.org/10.1016/j.jssc.2017.04.013
https://doi.org/10.1016/0969-806X(95)92799-5
https://doi.org/10.1016/j.jnoncrysol.2016.05.016
https://doi.org/10.1180/minmag.1982.045.337.13
https://doi.org/10.3390/solids2010001
https://doi.org/10.1557/JMR.1991.0217
https://doi.org/10.1016/j.micromeso.2005.08.003
https://doi.org/10.1180/minmag.2010.074.3.507
https://doi.org/10.1524/zkri.2008.1103


 32 

 

Knight, K.S., Price, G.D., Stuart, J.A., Wood, I.G. (2015) High-temperature structural phase 

transitions in neighborite: a high-resolution neutron powder diffraction investigation.  Physics 

Chemistry of Minerals, 42, 45-52. 

 

Knight, K.S. and Henderson, C.M.B. (2019) Defining an aristotype crystal structure and 

crystallographic distortion in leucite/pollucite structured phases with space group . 

Physics Chemistry Minerals, 46, 595-605. https://dot.org/10.1007/s00269-019-01025-1 

 

Kohn, S.C., Dupree, R., Mortuza, M.G., Henderson, C.M.B. (1991) An NMR study of 

structure and ordering in synthetic the leucite analogues K2MgSi5O12, a synthetic leucite 

analogue. Physics and Chemistry of Minerals, 18, 144-152. 

 

Kohn, S.C., Henderson, C.M.B., Dupree, R. (1994) NMR studies of the leucite analogues 

X2YSi5O12, where X = K, Rb, Cs; Y = Mg, Zn, Cd. Physics and Chemistry of Minerals, 21, 

176-190. 

 

Lange, R.A., Carmichael, I.S.E. and Stebbins, J.F. (1986) Phase transitions in leucite 

(KAlSi2O6), orthorhombic KAlSiO4, and their iron analogues (KFeSi2O6, KFeSiO4). 

American Mineralogist, 71, 937-945. 

 

Li, W., Zhang, Z., Bithell, E.G., Batsanov, A.S., Barton, P.T., Saines, P.J., Jain, P., Howard, 

C.J., Carpenter, M.A., and Cheetham, A.K. (2013) Ferrolelasticity in a metal-organic 

framework perovskite; towards a new class of multiferroics.  Acta Materiala, 61, 4928-4938. 

 

Martucci, A., Pecorari, P. and Cruciani, G. (2011) Dehydration process and transient channel 

deformations of slightly hydrated boron leucite: An “in situ” time-resolved synchrotron 

powder diffraction study. Microporous Mesoporous Materials, 142, 570-576. 

https://doi.org/10.1016/j.micromeso.2010.12.046 

 

Mazzi F., Galli E. and Gottardi G. (1976) The crystal structure of tetragonal leucite, American 

Mineralogist, 61, 108-115. 

 

Momma, K. and Izumi, F. (2011) VESTA 3 for three dimensional visualization of 

crystal, volumetric and morphology data. Journal Applied Crystallography, 44 1272-

1276.    https://doi.org/10.1107/S0021889811038970 

https://dot.org/10.1007/s00269-019-01025-1
https://doi.org/10.1016/j.micromeso.2010.12.046


 33 

 

Newton, H., Hayward, S.A. and Redfern, S.A.T. (2008) Order parameter coupling in leucite: 

a calorimetric study. Physics Chemistry Minerals, 35, 11-16 https://doi.org/10.1007/s00269-

007-0193-3 

 

Palmer, D.C. (1990) Volume anomaly and the impure ferroelastic phase transition in leucite. 

Chapter 21 in E.K.H. Salje: Phase Transitions in Ferroelastic and Co-elastic Crystals 350-366, 

Cambridge University Press, Cambridge, New York. 

 

Palmer, D.C., Salje, E.K.H. and Schmahl, W.W. (1989) Phase transitions in leucite: X-ray 

diffraction studies. Physics Chemistry Minerals, 16, 714-719. 

https://doi.org/10.1007/BF00223322 

 

Palmer, D.C., Dove, M.T., Ibberson, R.M. and Powell, B.M. (1997) Structural behavior, 

crystal chemistry, and phase transitions in substituted leucite: High-resolution neutron powder 

diffraction studies. American Mineralogist, 82, 16-29.  

https://doi.org/10.2138/am-1997-1-203 

 

Redfern, S.A.T. and Henderson, C.M.B. (1996) Monoclinic-orthorhombic phase transition in 

the K2MgSi5O12 leucite analog. American Mineralogist, 81, 369-374. 

https://doi.org/10.2138/am-1996-3-411 

 

Rietveld, H.M. (1969) A profile refinement method for nuclear and magnetic structures. 

Journal Applied Crystallography, 2, 65-71. https://doi.org/10.1107/S0021889869006558 

 

Rodriguez-Carvajal, J. (1993) Recent advances in magnetic structure determination by 

neutron powder diffraction. Physica B: Condensed Matter ,192, 55-69. 

https://doi.org/10.1016/0921-4526(93)90108-1 

 

Roedder, E.W. (1951) The system K2O-MgO-SiO2. American Journal of Science, 249, 81–

130, 224–248. https://doi.org/10.1111/j.1151-2916.1954.tb13984.x 

 

Salje, E.K.H. (1990) Phase transitions in ferroelastic and co-elastic crystals. 

Cambridge University Press, Cambridge, New York, xiii + 366 pp. + 53 pp.  

 

Sanchez-Valle, C., Chio, C-H. and Gatta, G.D. (2010) Single-crystal elastic properties 

https://doi.org/10.1007/s00269-007-0193-3
https://doi.org/10.1007/s00269-007-0193-3
https://doi.org/10.1007/BF00223322
https://doi.org/10.2138/am-1997-1-203
https://doi.org/10.2138/am-1996-3-411
https://doi.org/10.1107/S0021889869006558
https://doi.org/10.1016/0921-4526(93)90108-1
https://doi.org/10.1111/j.1151-2916.1954.tb13984.x


 34 

of (Cs,Na)AlSi2O6.H2O pollucite: A zeolite with potential use for long-term storage of  

Cs radioisotopes. Journal Applied Physics, 108, 093509. 

https://doi.org/10.1063/1.3504613 

 

Shannon, R.D. (1976)  Revised effective ionic radii and systematic studies of interatomic 

distances in halides and chalcogenides. Acta Crystallographica, A32,751-767. https://doi. 

org/10.1107/S0567739476001551  

 

Stokes, H.T. and Hatch, D.M. (1988) Isotropy Subgroups of the 230 Crystallographic Space 

Groups, 612 pp, World Scientific, Singapore. 

 

Tarantino, S.C., Zema, M., Callegari, A.M., Boiocchi, M. and Carpenter, M.A. (2018)   

Monoclinic-to-orthorhombic phase transition in Cu2(AsO4)(OH) olivenite at high 

temperature: strain and mode decomposition analyses.  Mineralogical Magazine, 82, 347-365.   

https://dor.org/10.1180/minmag.2017.081.048 

 

Taylor, D. and Henderson, C.M.B. (1968) The thermal expansion of the leucite group of 

minerals. American Mineralogist, 53, 1476-1489. 

 

Teertstra, D.K. and Černý, P. (1995) First natural occurrence of end-member pollucites: A 

product of low-temperature reequilibration.  European Journal Mineralogy, 7, 1137-1148. 

 

Tolédano, J.C. and Tolédano, P. (1987) The Landau Theory of Phase Transitions. World 

Scientific, Singapore, 472 pp., Chapter IV First Order Transitions 166-214.  

 

Tolédano, P. (2012) Extensions and some recent applications of the Landau theory of phase 

transitions. European Physical Journal Web of Conferences, 22, 00007, 38 pp.  

https://doi.org/10.1051/epjconf/20122200007 

 

Torres-Martinez, L.M. and West, A.R. (1989) Pollucite- and leucite-related phases: A2BX5O12 

and ACX2O6 (A = K, Rb, Cs; B = Be, Mg, Fe, Co, Ni, Zn, Cd; C = B, Al, Ga, Fe, Cr; X = Si, 

Ge). Zeitschrift Anorganische Allgemein Chemie, 573, 223-230.  

https://doi.org/10.1002/zaac.19895730123 

 

Torres-Martinez, L.M., Gard, J.A. and West, A.R. (1984) Synthesis and structure of a new 

family of phases A2MGe5O12: A = Rb, Cs; M = Be, Mg, Co, Zn. Journal Solid State 

Chemistry, 53, 354-359. https://doi.org/10.1016/0022-4596(84)90112-9 

https://doi.org/10.1063/1.3504613
https://doi.org/10.1107/S0567739476001551
https://doi.org/10.1107/S0567739476001551
https://dor.org/10.1180/minmag.2017.081.048
https://doi.org/10.1051/epjconf/20122200007
https://doi.org/10.1002/zaac.19895730123
https://doi.org/10.1016/0022-4596(84)90112-9


 35 

 

Whitefield, P.S., Herron, N., Guise, W.E., Page, K., Cheng, Y.Q., Milas, I. and Crawford, 

M.K. (2016)   Structures, phase transitions and tricritical behaviour of the hybrid perovskite 

methyl ammonium lead iodide. Nature, Scientific Reports, 6.35685.  doi: 10.1038/srep35685 

 

Xu, H., Navrotsky, A., Balmer, M.L. and Su, Y. (2002) Crystal chemistry and phase 

transitions in substituted pollucites along the CsAlSi2O6 – CaTiSi2O6.5 join: A powder 

synchrotron X-ray diffractometry study. Journal American Ceramic Society, 85, 1235-1242. 

https://10.1111/j.1151-2916.2002.tb00251.x 

 

Yanase, I., Kobayashi, H.  and Mitamura, T.  (1999) Thermal property and phase transition 

of the synthesized cubic compounds. Journal Thermal Analysis and Calorimetry, 57, 695-

705.  https://doi.org/10.1023/A:1010144815304 

 

Zharadyik, J., Jirásek, J., Starý, J. and Sivek, M. (2020) Production, reserves, and processing 

of feldspar and feldspathoid rocks in the Czech Republic from 2005 to 2019–An overview. 

Minerals, 2020, 10, 722. https://doi.org/10.3390/min10080722 

 

 

https://10.0.4.87/j.1151-2916.2002.tb00251.x
https://doi.org/10.1023/A:1010144815304
https://doi.org/10.3390/min10080722

